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Topographic Motor Projections in the Limb Imposed
by LIM Homeodomain Protein Regulation
of Ephrin-A:EphA Interactions
subtypes of motor neurons are generated within the
LMC: medially placed LMC neurons, which project their
axons to ventrally derived limb muscles, and laterally
placed LMC neurons, which project their axons to dor-
sally derived limb muscles (Landmesser, 1978a; Tosney
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and Landmesser, 1985a, 1985b). Thus, the topographicColumbia University
organization of LMC neuronal projections involves a reg-New York, New York 10032
ister between mediolateral neuronal settling position
within the spinal cord and dorsoventral axonal trajectory
within the limb mesenchyme.Summary
The specification of LMC neurons into divisions is
marked by the expression of two LIM homeodomainThe formation of topographic neural maps relies on the
proteins, Isl1 and Lim1 (Tsuchida et al., 1994). Isl1 iscoordinate assignment of neuronal cell body position
initially expressed by all LMC neurons but is rapidlyand axonal trajectory. The projection of motor neurons
downregulated from lateral LMC neurons at the timeof the lateral motor column (LMC) along the dorsoven-
that these neurons begin to express Lim1 (Tsuchida ettral axis of the limb mesenchyme constitutes a simple
al., 1994). This switch appears to depend on retinoidtopographic map that is organized in a binary manner.
signals provided by early-born LMC neurons, since ex-We show that LIM homeodomain proteins establish
posure of LMC neurons to retinoids represses Isl1 andmotor neuron topography by coordinating the medio-
promotes Lim1 expression (Sockanathan and Jessell,lateral settling position of motor neurons within the
1998). Intriguingly, a third LIM homeodomain protein,LMC with the dorsoventral selection of axon pathways
Lmx1b, divides the limb mesenchymal targets of LMCin the limb. These topographic projections are estab-
axons into dorsal and ventral domains (Chen et al., 1998;lished, in part, through LIM homeodomain protein con-
Riddle et al., 1995).trol of EphA receptors and ephrin-A ligands in motor
Genetic studies in mice have provided evidence thatneurons and limb mesenchymal cells.
LIM homeodomain proteins participate in the specifica-
tion of motor neuron columnar identities (Jurata et al.,Introduction
2000; Lee and Pfaff, 2001). The LIM homeodomain pro-
teins Lhx3 and Lhx4 appear to control the distinctionThe assembly of neural connections depends in part on
between MMC and LMC neurons (Sharma et al., 1998).the precision with which specific sets of neurons project
Within the LMC, the expression of Lim1 controls thetheir axons to predefined targets. In many regions of the
fidelity with which the axons of lateral LMC neuronsvertebrate central nervous system, neuronal projections
select a dorsal trajectory within the limb mesenchymeare organized in a topographic manner, such that the
(Kania et al., 2000). Furthermore, Lmx1b function withinsettling position of a neuronal cell body is predictive of
limb mesenchymal cells controls the dorsoventral axo-its axonal trajectory and synaptic targets (O’Leary et al.,
nal trajectory of both medial and lateral LMC neurons1999; Sharma and Belmonte, 2001). The establishment
(Kania et al., 2000). Studies in Drosophila and C. elegansof topographic neural maps, therefore, requires the co-
have also indicated an evolutionarily conserved role forordinated regulation of neuronal cell body settling and
LIM homeodomain proteins in the control of motor axonaxonal pathfinding. Several classes of molecules—
trajectory (Hobert et al., 1998; Thor et al., 1999).
notably cell-specific transcription factors and cell sur-
The downstream cell surface recognition events regu-
face ligand-receptor pairs—have been implicated in the
lated by LIM homeodomain proteins that direct the for-
control of neuronal positioning (Hatten, 2002; Park et mation of motor neuron topographic projections remain
al., 2002) and axonal guidance (Dickson, 2002; Grunwald less clear. One signaling interaction that has been impli-
and Klein, 2002; Yu and Bargmann, 2001), but it remains cated in the control of motor axon projections involves
unclear how these two distinct developmental pro- the ephrin-A:EphA proteins (Kullander and Klein, 2002).
cesses are linked. Receptor tyrosine kinases of the EphA class and their
One simple topographic neuronal projection is the ephrin-A ligands are expressed both by LMC neurons
point-to-point connectivity of spinal motor neurons with and limb mesenchymal cells (Eberhart et al., 2000; Helm-
their muscle targets in the developing limb (Hamburger, bacher et al., 2000; Iwamasa et al., 1999), and in certain
1977; Landmesser, 1978b). All motor neurons that pro- mouse genetic backgrounds, the loss of EphA4 function
ject to the limb are contained within the lateral motor has been reported to divert the projection of lateral LMC
column (LMC), whereas motor neurons that innervate axons into the ventral limb (Helmbacher et al., 2000).
axial muscles populate the median motor column Conversely, ectopic expression of EphA4 in chick LMC
(MMC). Within the LMC, motor neurons are assigned neurons results in a dorsal redirection of many motor
subtype identities that link neuronal position to the in- axons (Eberhart et al., 2002). Ephrin-A signaling has also
nervation of individual muscle targets (Lance-Jones and been suggested to underlie the graded pattern of motor
Landmesser, 1981; Landmesser, 1978a). Two major innervation of specific muscle groups and the segrega-
tion of spinal motor neurons into discrete nuclear groups
(Feng et al., 2000; Coonan et al., 2003).*Correspondence: tmj1@columbia.edu
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How do LIM homeodomain proteins specify motor after Isl1 expression, only 18%  1% of electroporated
neurons expressed Lim1, a3-fold reduction comparedneuron topography, and do they act through the regula-
tion of Ephrin-A:EphA expression and function? We to LacZ controls (Figures 1H and 1J; p  0.01). Expres-
sion of Lim1 or Isl1 did not alter the number of HB9 orhave examined these issues through a series of in vivo
molecular and genetic manipulation in chick and mouse Isl2 motor neurons or the expression of Raldh-2 (Fig-
ures 1C and 1G; see Supplemental Data at http://embryos. We provide evidence that Lim1 and Isl1 exert
mutual crossrepressive interactions within LMC neu- www.neuron.org/cgi/content/full/38/4/581/DC1; data
not shown). Expression of Lim1 or Isl1 also did not alterrons, and the resulting segregation of Isl1 and Lim1
specifies both the mediolateral settling position of neu- the expression of Lim3, a determinant of medial MMC
motor neurons (see Supplemental Data). Thus, Lim1 androns within the LMC and the dorsoventral axonal trajec-
tory of LMC axons within the limb mesenchyme. We Isl1 mutually and selectively repress each other’s ex-
pression in LMC neurons.also show that LIM homeodomain proteins specify the
trajectory of LMC axons in the limb mesenchyme in part
by controlling the pattern of EphA receptor expression Opponent Activities of Lim1 and Isl1
by LMC motor neurons and the distribution of ephrin-A on the Settling Position of Motor
ligands in the limb mesenchyme. Together, these stud- Neurons within the LMC
ies establish a functional link between LIM homeodo- Motor neurons that express Lim1 settle in a lateral posi-
main proteins and Ephrin-A:EphA effectors in the control tion within the LMC, whereas neurons that express Isl1
of the topographic motor neuron projections in the de- settle in the medial LMC (Tsuchida et al., 1994). We
veloping limb. therefore examined whether the expression of Lim1 and
Isl1 directs the settling of motor neurons into medial
and lateral subdivisions of the LMC.Results
After electroporation of LacZ and analysis at stage
29, when the settling of LMC neurons is essentially com-Crossrepressive Interactions of Lim1
plete (Sockanathan and Jessell, 1998), 40%  1% ofand Isl1 in LMC Neurons
LacZ motor neurons were found within the medial divi-The development of the LMC is marked by the segrega-
sion of the LMC, and 62%  3% of LacZ LMC motortion of motor neurons into distinct medial and lateral
neurons were found within the lateral LMC (Figures 2A,columnar divisions that are defined by Isl1 and Lim1
2B, 2E, and 2F). In contrast, after electroporation ofexpression (Tsuchida et al., 1994; Kania et al., 2000).
Lim1, 98% 1% of the total number of Lim1-electropor-The initial segregation in expression of Isl1 and Lim1 by
ated neurons (and 99%  1% of Lim1-electroporatedmedial and lateral LMC neurons appears to be imposed
LMC neurons that lacked Isl1expression) were located inby retinoid signaling (Sockanathan and Jessell, 1998).
the lateral division of the LMC (Figures 2C–2E; p valueWe examined whether the segregated expression of
0.006 versus control LacZ expression). Conversely, afterLim1 and Isl1 in postmitotic LMC neurons might be rein-
expression of Isl1, 73%  2% of the total number offorced by crossrepressive interactions between these
Isl1-electroporated neurons (and 99%  1% of Isl1-LIM homeodomain proteins. Myc-epitope-tagged forms
electroporated neurons that lacked Lim1 expression)of Lim1 and Isl1, or a control LacZ plasmid, were ex-
were located in the medial LMC (Figures 2F–2H; ppressed within LMC neurons at lumbar levels of the
value  0.005 versus control LacZ expression).chick spinal cord. Embryos were electroporated at stage
To examine if either Lim1 or Isl1 is dominant in speci-18, during the period of motor neuron generation, and
fying LMC cell body position, we mapped the settlingassayed for motor neuron differentiation at stages 26
pattern of LMC neurons after coelectroporation of Lim1to 29. Motor neuron differentiation was monitored by
and Isl1. We found that97% of electroporated neuronsexpression of HB9 and Isl2 as generic markers of spinal
coexpressed exogenous Lim1 and Isl1 (data not shown;motor neurons (Arber et al., 1999; Pfaff et al., 1996),
n  117). After Lim1 and Isl1 coexpression, 68%  1%retinaldehyde dehydrogenase (Raldh-2) as a marker of
of coelectroporated LMC neurons were found laterallyLMC neurons (Sockanathan and Jessell, 1998), and Lim3
and 32%  1% were found medially (Figures 2I–2K).as a marker of medial MMC neurons (Tsuchida et al.,
This distribution differs significantly from the frequency1994). Typically, 20% to 30% of LMC neurons were
of laterally located electroporated neurons observedelectroporated.
after expression of Lim1 alone (p  0.001) and from theAfter expression of LacZ and analysis at stage 26, we
frequency of medially located electroporated neuronsfound that 40%–45% of LacZ LMC neurons expressed
observed after expression of Isl1 alone (p  0.001).Isl1, whereas 55%–60% of LacZ LMC neurons ex-
These results suggest that Isl1 and Lim1 contribute inpressed Lim1 (Figures 1A, 1B, 1E, and 1F). This apparent
an opponent manner to the specification of neuronallateral bias in expression simply reflects the proportion
settling position within the LMC and argue that neitherof medial and lateral LMC neurons found at LS1-LS3
Lim1 nor Isl1 has a dominant influence on this settlinglevels of the spinal cord (A.K. and T.M.J., unpublished
process.observation). Expression of LacZ did not alter the num-
ber of motor neurons that expressed Isl1, Lim1, HB9,
Isl2, Raldh-2, or Lim3 (data not shown). However, after Opponent Actions of Lim1 and Isl1 on the
Dorsoventral Trajectory of LMC AxonsLim1 electroporation, we found that only 8%  2% (
SEM) of electroporated LMC motor neurons expressed Genetic loss-of-function studies in mice have provided
evidence that Lim1 controls the fidelity with which theIsl1, a 5-fold decrease compared to control LacZ ex-
pression (p  0.01) (Figures 1D and 1I). Conversely, axons of lateral LMC neurons project into the dorsal
Control of Motor Neuron Topography
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Figure 1. Crossrepression between Lim1
and Isl1 in LMC Motor Neurons
(A–H) Images of the electroporated LMC in
the lumbar spinal cord of stage 26 chick em-
bryos. Lateral is right, dorsal is on top.
(A and B) LacZ expression in medial LMC
neurons. LMC neurons electroporated with
LacZ coexpress HB9 (A), LacZ (red in B), and
Isl1 (green in B). (A) and (B) show the same
section.
(C and D) Analysis of Lim1::myc overexpres-
sion. HB9 expression in Lim1::myc-electro-
porated neurons (C), myc (red in D), and Isl1
(green in D). Images show the same section.
(E and F) LacZ expression in lateral LMC neu-
rons. LMC neurons electroporated with LacZ
coexpress HB9 (E), LacZ (red in F), and Lim1
(green in F). (E) and (F) show the same section.
Lim1 neurons positioned dorsally to the
LMC are interneurons and do not express
HB9.
(G and H) Analysis of Isl1::myc overexpres-
sion. Isl1::myc-electroporated HB9 neurons
(G), myc (red in H), and Isl1 (green in H). Im-
ages show the same section. We also ana-
lyzed the consequences of expression of Isl2,
a LIM homeodomain protein closely related
to Isl1. For details, see Supplemental Data at
http://www.neuron.org/cgi/content/full/38/4/
581/DC1.
(I and J) Quantitation of Isl1 (I) and Lim1 (J)
expression in LMC neurons after electropora-
tion of Lim1, Isl1, or LacZ, expressed as a
percentage of total electroporated HB9
LMC motor neurons (n 100 neurons in more
than 4 embryos).
Scale bar equals 20 m in all images.
limb mesenchyme (Kania et al., 2000). To examine the whereas only 16% 2% extended ventrally (Figures 3F
and 3G; p value  0.009 compared to GFP controls).sufficiency of Lim1 in controlling motor axon trajectory
and to test whether Isl1 also influences axonal trajectory, Thus, Lim1 expression promotes the selection of a dor-
sal limb pathway by the axons of LMC neurons. Afterwe expressed Lim1 or Isl1 in LMC neurons and traced
motor axon projections into the developing limb. The expression of Isl1 and GFP, 31%  3% of labeled LMC
axons projected into the dorsal limb mesenchyme andaxonal projection pattern of transfected LMC neurons
was visualized by coelectroporation with a construct 69%  3% projected ventrally (Figures 3H and 3I; p 
0.002 compared to controls). Thus, Isl1 expression re-encoding an enhanced green fluorescent protein (GFP),
under conditions in which motor but not sensory axons sults in a ventral bias in the trajectory of LMC axons.
We considered whether this activity of Isl1 reflects aare labeled (Figures 3A–3C). In such coelectroporations,
95% of GFP motor neurons were found to coexpress direct influence on axonal trajectory or merely the ability
of Isl1 to suppress Lim1 expression, which is expectedthe LIM homeodomain-myc epitope fusion protein (n 
150 neurons for Lim1 and GFP coelectroporation; data to randomize the projections of prospective lateral LMC
neurons (Kania et al., 2000). To assess this, we deter-not shown). We determined, at stage 26, the fraction of
electroporated LMC neurons that projected axons into mined the LIM homeodomain protein expression profile
of LMC neurons in Isl1-electoporated embryos, in whichthe dorsal or ventral limb mesenchyme by quantification
of axonal GFP immunofluorescence intensity (see Ex- HRP had been injected into the dorsal shank muscula-
ture at stage 29. If Isl1 directly promotes a ventral trajec-perimental Procedures and Kania et al., 2000).
Expression of GFP alone in LMC neurons resulted in tory, we would not expect electroporated LMC neurons
that express Isl1 but not Lim1 to send dorsal axonal55%  4% of labeled axons extending into the dorsal
limb mesenchyme and 45%  4% extending into the projections. Against this prediction, we found that 28%
of HRP-labeled Isl1-electroporated LMC neurons pro-ventral limb mesenchyme (Figures 3D and 3E). After
Lim1 and GFP expression, 84%  2% of labeled LMC jected dorsally, even though they lacked Lim1 expres-
sion (n  50 HRP-labeled neurons; Figures 4A–4D).axons extended into the dorsal limb mesenchyme,
Neuron
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Figure 2. Lim1 and Isl1 Control LMC Motor Neuron Settling Position
(A–D, G, H, J, and K) Images of stage 29 lumbar spinal cords. Lateral is right, dorsal is on top. Dotted line represents the boundary between
the medial (med) and lateral (lat) divisions of the LMC. In these experiments,25% of neurons were electroporated (data not shown), permitting
us to map the position of individual electroporated LMC neurons with reference to the medial and lateral divisions of the LMC, defined by
the majority of neighboring nonelectroporated Isl1 or Lim1 LMC neurons.
(A and B) Mediolateral settling position of LacZ-electroporated, LacZ (green in B), HB9 (A) LMC neurons relative to Isl1 (red in B) medial
LMC motor neurons. Images show the same section.
(C and D) Mediolateral settling position of Lim1::myc-electroporated, myc (green in D), HB9 (C) LMC neurons relative to Isl1 (red in D)
medial LMC motor neurons. Images show the same section.
(E and F) Quantitation of mediolateral settling frequencies of Lim1-, Isl1- or LacZ-electroporated LMC motor neurons, at stage 29.
(E) Probability of achieving a lateral position within the LMC (P(lat)) of LacZ-electroporated LMC neurons (LacZ), of all Lim1-electroporated
LMC neurons (Lim1::myc), and of Lim1-electroporated LMC neurons that do not coexpress Isl1 (Lim1::myc, Isl1-).
(F) Probability of achieving a medial position within the LMC (P(med)) of LacZ-electroporated LMC neurons (LacZ), of all Isl1-electroporated
LMC neurons (Isl1::myc), and of Isl1-electroporated LMC neurons that do not coexpress Lim1 (Isl1::myc, Lim1-).
(G and H) Mediolateral settling position of Isl1-electroporated, myc (green in H), HB9 (G) LMC neurons relative to Lim1 (red in H) lateral
LMC motor neurons. Images show the same section.
(I) Probability of achieving a lateral LMC position (P(lat)) of LacZ-, Lim1-, and Isl1-electroporated neurons compared to P(lat) of Lim1- and
Isl1-coelectroporated LMC neurons (Lim1 Isl1). The P(lat) of Lim1- and Isl1- coelectroporated LMC neurons is not significantly different (n.s.)
from P(lat) of LacZ-expressing control LMC neurons (p  0.11).
(J and K) Mediolateral settling position of Lim1- and Isl1-coelectroporated, myc (green in K), HB9 (J) LMC neurons relative to Isl1 (red in
K) medial LMC motor neurons. Images show the same section.
Scale bar equals 20 m in all images.
Control of Motor Neuron Topography
585
Figure 3. Lim1 and Isl1 Specify the Trajectory
of LMC Motor Axons in the Limb Mesen-
chyme
(A–C) Neurofilament (A) and GFP (B; overlay
in C) detection in the lumbar spinal cord of a
stage 26 chick embryo electroporated with
GFP. The immunofluorescence in the GFP
channel (B) has been overexposed. SC, spinal
cord, outlined with a dotted line; DRG, dorsal
root ganglion. Dorsal on top, lateral to right.
(D, F, and H) GFP LMC motor axons pro-
jecting in the limb mesenchyme of stage 26
embryos. Lateral is on the right. d, dorsal; v,
ventral.
(E, G, and I) Quantitation of axonal GFP im-
munofluorescence in limbs of electroporated
embryos. Axonal GFP levels within dorsal (d)
and ventral (v) limb mesenchyme are ex-
pressed as a percentage of total limb axonal
GFP immunofluorescence (Flu U; see Experi-
mental Procedures).
(D and E) GFP electroporation.
(F and G) Lim1 and GFP coelectroporation.
(H and I) Isl1 and GFP coelectroporation.
Scale bar equals 150 m in all images.
These neurons presumably represent prospective lat- dorsal bias in axonal trajectory was similar to that ob-
tained after electroporation of Lim1 alone (p value eral LMC neurons in which Lim1 expression has been
repressed by expression of exogenous Isl1. This result 0.59). These findings support the idea that the actions
of Lim1 are dominant over those of Isl1 in the selectionsuggests that Isl1 expression does not inexorably im-
pose a ventral trajectory on prospective lateral LMC of LMC axonal trajectory.
neurons, even under conditions of Lim1 repression. Our
data therefore favor the idea that Isl1 biases axons to A Role for EphA4 in the Guidance of LMC Axons
in the Developing Limba ventral trajectory primarily by repressing Lim1 ex-
pression. Previous studies have implicated the Eph receptor tyro-
sine kinase EphA4 and ephrin-A ligands in the selectionIn these HRP labeling experiments, we also observed
that 72% (n  50 HRP-labeled neurons) of Isl1 LMC of LMC axonal trajectory (Eberhart et al., 2000, 2002;
Helmbacher et al., 2000; Iwamasa et al., 1999). We there-neurons that projected their axons into the dorsal limb
mesenchyme also expressed Lim1 (Figures 4E and 4F), fore examined the spatial relationship between EphA
and ephrin-A expression patterns and the mediolateralsuggesting that Lim1 may be sufficient to bias LMC
neurons to select a dorsal trajectory, even in neurons divisions of the LMC, defined by LIM homeodomain pro-
tein expression.in which Isl1 is coexpressed. To test this idea, we coelec-
troporated Lim1, Isl1, and GFP and examined motor We first analyzed the profile of EphA expression on
motor neuron cell bodies at stages 24 to 29. At stageaxon trajectories in neurons that coexpressed exoge-
nous Isl1 and Lim1. After coelectroporation of Isl1 and 24, EphA4 is expressed by many or all LMC neurons
(data not shown; Eberhart et al., 2000; Iwamasa et al.,Lim1, 82%  1% of GFP-labeled axons projected into
the dorsal limb mesenchyme, and only 18%  1% pro- 1999), but by stage 26, EphA4 expression is largely re-
stricted to Lim1 lateral LMC neurons (Figures 5A–5C).jected ventrally (Figures 4G and 4H). The extent of the
Neuron
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Quantitative analysis of immunofluorescence levels at
stage 29 indicated a 2.5-fold greater level of EphA4
expression on the cell bodies of lateral than medial LMC
neurons (see Supplemental Results at http://www.
neuron.org/cgi/content/full/38/4/581/DC1). In addition,
labeling with an ephrin-A5-alkaline phosphatase (AP)
fusion protein (Feldheim et al., 1998) revealed a higher
level of net EphA protein on Lim1 lateral LMC neurons
than on Isl1 medial LMC neurons (Figure 5D; data not
shown). A similar restriction in EphA4 expression to lat-
eral LMC neurons was detected in mouse (Figures 5E–
5G), consistent with previous observations (Helmbacher
et al., 2000). We also examined the expression of EphA4
on the axons of LMC neurons in stage 26 chick embryos,
near the point of selection of dorsal and ventral trajector-
ies in the limb mesenchyme. EphA4 immunoreactivity
was detected on the axons of lateral LMC neurons proj-
ecting into the dorsal limb mesenchyme at levels 8-
fold higher than on the axons of ventrally projecting
medial LMC neurons (Figures 5H and 5I; data not shown;
see Experimental Procedures). EphA4 was also ex-
pressed by cells in the proximal-dorsal region of the
limb mesenchyme (Figures 5H and 5I). Labeling with
an ephrin-A5-alkaline phosphatase (AP) fusion protein
further revealed a markedly higher level of net EphA
protein level on dorsal than ventral limb mesenchyme,
in the vicinity of motor axons (Figures 5K–5M).
We next examined ephrin-A expression by LMC neu-
rons and limb mesenchymal cells. Expression of ephrin-
A5 is enriched in LMC neurons and in the ventral limb
mesenchyme (Figure 8C; Eberhart et al., 2000; Iwamasa
et al., 1999; Swartz et al., 2001). To assess the net spatial
profile of all free ephrin-A proteins in LMC neurons and
the developing limb mesenchyme, we used EphA3-alka-
line phosphatase binding (Cheng et al., 1995; Feldheim
et al., 1998). A low level of net free ephrin-A protein was
detected within the LMC of stage 26 chick spinal cord,
but no restriction to medial or lateral divisions was evi-
dent (data not shown). In the developing limb, net free
ephrin-A protein was detected at considerably higher
Figure 4. Dominance of Lim1 in Specification of LMC Axonal Projec- levels in ventral than dorsal limb mesenchyme, largely
tions
reflecting ephrin-A5 expression, with a sharp transition
(A–F) Images of stage 29 LMC neurons electroporated with Isl1::myc. in protein levels evident at the dorsoventral boundary
(A and B) LMC of an embryo injected with HRP into the ventral
of the limb mesenchyme (Figures 5J, 5L, and 5M; datashank musculature, showing HRP immunoreactivity (red in A; white
not shown).in B) within Isl1::myc-expressing (green in A) LMC motor neurons.
The spatial profile of EphA and ephrin-A expressionWhite and yellow arrows point to the same Isl1 and HRP LMC
nuclei. raised the possibility that the expression of EphA4 by
(C–F) LMC of an embryo injected with HRP into the dorsal shank lateral LMC neurons influences the settling position of
musculature. LMC neurons and/or their dorsoventral axonal trajectory
(C and D) Arrows point to Isl1::myc-expressing, myc (green in C in the limb. To test this, we ectopically expressed an
and D), HRP (red in C) LMC motor neurons that do not express
EphA4::GFP fusion protein in LMC neurons (Figure 6A).Lim1 (red in D) but nevertheless project into the dorsal limb. Images
After electroporation in motor neurons, EphA4 and GFPshow the same section.
were coexpressed in over 97% of neurons (data not(E and F) Arrows points to an Isl1::myc-expressing myc (green in
E) LMC neuron labeled by HRP (red in E) injection into dorsal shank shown), permitting the use of GFP as a surrogate indica-
muscle. This motor neuron expresses Lim1 (F). Images show the tor of neurons that express ectopic EphA4 (Figures 6B
same section. and 6C). Expression of EphA4::GFP in LMC neurons did
(G and H) LMC axonal projections into the limb of a stage 26 embryo not affect the profile of HB9, Raldh-2, Isl2, Isl1, or Lim1
coelectroporated with Lim1, Isl1, and GFP. Axonal GFP immunofluo-
expression (Figures 6D–6F; data not shown). Moreover,rescence (G) is quantified in (H) as in Figures 3E, 3G, and 3I.
analysis of EphA4::GFP, expressing LMC neurons atScale bar equals 20 m in (A)–(D), 5 m in (E) and (F), and 150 m
stage 29 revealed no significant alteration in neuronalin (G).
settling patterns (lateral settling frequency  58% 
1%; p  0.15 compared to LacZ controls), indicating
that EphA4 does not control mediolateral settling within
the LMC.
Control of Motor Neuron Topography
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Figure 5. Expression of EphA4 and Ephrin-As in LMC Neurons and Limb Mesenchyme
(A–C) Lim1 and EphA4 expression in stage 26 chick lumbar spinal cord. m, medial; lat, lateral. Images show the same section.
(D) EphA receptors detected with ephrin-A5-alkaline phosphatase (AP) in a stage 26 spinal cord section similar to that in (A)–(C). Inverted
image of an AP activity detection reaction: light pixels indicate high phosphatase activity. m, medial; lat, lateral.
(E–G) e11.5 Lim1tlz/ mouse lumbar spinal cord section showing LacZ (E and red in G) and EphA4 (F and green in G) expression. Expression
of EphA4 is evident in lateral LMC motor neurons (lat LMC, enclosed by the dotted ellipse in E and F), which colabel with LacZ. Dorsal spinal
interneurons, IN.
(H and I) Neurofilament (NF; red) and EphA4 (green) expression in a stage 26 chick hindlimb (H) and an e10.5 mouse forelimb (I). d, dorsal
limb mesenchyme; v, ventral limb mesenchyme.
(J–L). Neighboring sections through a stage 26 chick hindlimb incubated with EphA3-AP (J) or ephrin-A5-AP (K). Images have been inverted
such that light pixels indicate high phosphatase activity. (L) represents an overlay of images in (J) and (K). White dotted lines, limb outline;
blue line, the approximate position of the dorsoventral boundary. Yellow dotted line (L), path along which pixel intensities were measured
(M). Arrows: the approximate point of motor axon entry into the limb.
(J) EphA3-AP detection of free ephrin-As.
(K) Ephrin-A5-AP detection of free EphAs.
(L) Overlay of image in (J) in red and (K) in green.
(M) Quantification of EphA (green) and ephrin-A (red) binding by averaged pixel intensity counts along the yellow line in (L). Arb U, arbitrary
units; a value of 0 represents minimal binding, while a value of 255 represents the highest binding. Blue line, approximate dorsoventral
boundary; arrow, limb base.
Scale bar equals 50 m in (A)–(D), 75 m in (E)–(G), 150 m in (H), 30 m in (I), and 170 m in (J)–(L).
In contrast, after expression of EphA4::GFP and analy- limb mesenchyme. A similar finding has been reported
by Eberhart et al. (2002).sis at stage 26, 96%  2% of GFP axons projected
into the dorsal limb mesenchyme, and only 4%  2%
projected ventrally (Figures 6J–6O; p value 0.01 com- Lim1 and Isl1 Control EphA4 Expression
in LMC Neuronspared to GFP controls). In addition, even after coelectro-
poration of a 9:1 ratio of Isl1 and EphA4::GFP, 80% We next examined whether the differential expression
of EphA4 by medial and lateral LMC neurons is regulatedof GFP-labeled axons projected into the dorsal limb
mesenchyme (data not shown). To rule out the possibil- by LIM homeodomain proteins. Lim1, Isl1, or LacZ were
ectopically expressed in hindlimb level motor neurons,ity that the dorsal prevalence of GFP axons results
from the failure of EphA4::GFP-expressing axons of me- and EphA4 protein levels in LMC neurons were moni-
tored by immunofluorescence at stages 26 and 29. Atdial LMC neurons to enter the limb, we analyzed the
LIM homeodomain status and position of HRP-labeled stage 26, after expression of LacZ, the ratio of EphA4
levels in electroporated and control LMC neurons (e/uLMC neurons after HRP injection into the dorsal shank
musculature at stage 29. Many Isl1, HRP-labeled LMC ratio) was 1.04  0.01 (Figures 7A and 7F). Expression
of Lim1 resulted in an EphA4 e/u ratio of 1.18  0.03neurons positioned within the medial LMC expressed
EphA4::GFP (Figures 6G–6I). Together, these findings (Figures 7B and 7F; p  0.001 versus LacZ control),
whereas Isl1 expression resulted in an EphA4 e/u ratioestablish that EphA4 expression is sufficient to redirect
the axons of Isl1 medial LMC neurons into the dorsal of 0.86  0.02 (Figures 7C and 7F; p  0.001 versus
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Figure 6. EphA4 Expression Redirects LMC Axonal Projections into the Dorsal Limb
(A) Schematic representation of an EphA4::GFP fusion protein dimer. Green, GFP; blue, tyrosine kinase (TK) domain; red, extracellular domain
(EC).
(B and C) An LMC neuron expressing EphA4::GFP showing GFP fluorescence (B and green in C) and EphA4 (red in C) expression. This neuron
also expresses Isl1 (not shown).
(D) Blue arrows indicate LMC motor neurons electroporated with EphA4::GFP that coexpress EphA4::GFP (green) and Isl1 (red).
(E and F) Arrows indicate LMC motor neurons expressing EphA4::GFP (green in E) that do not coexpress Lim1 (F, red in E). Images show the
same section.
(G–I) A medial LMC neuron electroporated with EphA4::GFP (G, green in I) expresses Isl1 (red in I) and is labeled after dorsal shank HRP (H,
green in I) injection. Images show the same section.
(J, K, M, and N) GFP (green) and neurofilament (NF; red) expression at the level of the crural (J and M) and the sciatic (K and N) plexii in the
hindlimb mesenchyme.
(L and O) Quantification of axonal GFP immunofluorescence in limbs of electroporated embryos (see Experimental Procedures and Figures
3E, 3G, and 3I).
(J–L) Control GFP electroporation.
(M–O) EphA4::GFP electroporation.
All images are of stage 26 sections except for (G)–(I), which are of stage 29 sections.
Scale bar equals 20 m in (B), (C), and (G)–(I); 25 m in (D)–(F); and 150 m in (J), (K), (M), (N).
LacZ control). Similar analysis at stage 29 revealed that than the normal difference in EphA4 expression level on
these two motor neuron populations.LacZ expression generated an EphA4 e/u ratio of 1.04
0.04, Lim1 expression resulted in an EphA4 e/u ratio of We also examined whether the dominance of Lim1
over Isl1 detected in the specification LMC axonal tra-1.25 0.05 (p 0.003 versus LacZ controls; Figure 7F),
and Isl1 expression resulted in an EphA4 e/u ratio of jectory is reflected at the level of EphA4 expression. To
test this, we quantified EphA4 protein levels in LMC0.75 0.03 (p 0.001 versus LacZ controls; Figure 7F).
Does the change in EphA4 levels on individual LMC neurons coelectroporated with Lim1 and Isl1. At stage
26, coexpression of Lim1 and Isl1 resulted in an EphA4motor neurons elicited by Lim1 and Isl1 match the differ-
ence in EphA4 expression level exhibited normally by e/u ratio of 1.12  0.02, and at stage 29, in an EphA4
e/u ratio of 1.17  0.03 (Figure 7F). These values do notmedial and lateral LMC neurons at stage 29? To evaluate
this, we reasoned that ectopic expression of Lim1 is differ significantly from those observed after expression
of Lim1 alone (p  0.18 at stage 27 and p  0.21 atlikely to change EphA4 expression levels primarily in
prospective medial LMC neurons, and vice versa for Isl1 stage 29; Figure 7F). Thus, Lim1 is dominant over Isl1
in controlling EphA4 expression levels on LMC neurons,(for detailed calculation, see Supplemental Results at
http://www.neuron.org/cgi/content/full/38/4/581/ as well as in the selection of dorsoventral axonal tra-
jectory.DC1). Based on this assumption and an electroporation
frequency of 25% of LMC neurons, we calculate that The finding that expression of Lim1 in chick LMC neu-
rons elevates the level of EphA4 expression promptedLim1 elevated the level of EphA4 expression on the cell
bodies of individual medial LMC neurons by 4-fold, us to examine whether the loss of Lim1 from LMC neu-
rons also influences EphA4 expression. To test this pos-and that Isl1 lowered EphA4 expression on prospective
lateral LMC neurons by3.6-fold, compared to the nor- sibility, we analyzed EphA4 expression in LMC neurons
in which Lim1 function has been eliminated by genemal difference between wild-type medial and lateral
LMC neurons of 2.5-fold. Thus, Lim1 expression ele- targeting and replaced with a LacZ marker (Kania et
al., 2000). To overcome the early embryonic lethalityvates, and Isl1 expression lowers, EphA4 expression
levels on LMC neurons to an equal or greater extent of constitutive Lim1 mutants (Shawlot and Behringer,
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1995), we analyzed e11.5 chimeric embryos derived pears to be the spatial control of ephrin-A:EphA sig-
naling.from homozygous mutant Lim1tlz/tlz or heterozygous
Lim1tlz/ ES lines (Kania et al., 2000), focusing on em-
bryos in which spinal cord tissue was heavily (80% Discussion
ES cell contribution) populated by Lim1tlz/tlz or Lim1tlz/
cells. We found that the level of EphA4 expression by The innervation of limb muscles by motor neurons lo-
LMC neurons that lacked Lim1 function (in Lim1tlz/tlz cated within the LMC exhibits a striking topographic
- / chimeric embryos) was 3.5-fold lower than specificity: the position of motor neuron cell bodies
in LMC neurons that retained one wild-type Lim1 allele within the LMC is predictive of their target muscle (Figure
(in Lim1tlz/ -/ embryos; Figures 7D, 7E, and 7G). 9A). One fundamental aspect of this topographic organi-
These findings, taken together with the elevation of zation is established in a binary manner. Motor neurons
EphA4 expression observed after misexpression of that settle in the medial half of the LMC innervate ven-
Lim1, support the idea that Lim1 expression is a major trally derived limb muscles, whereas motor neurons that
determinant of high-level EphA4 expression by LMC settle in the lateral half of the LMC innervate dorsally
neurons. derived limb muscles. This study provides evidence that
the mediolateral settling pattern of motor neurons within
the LMC, and the dorsoventral trajectory of LMC axons,Control of EphA and Ephrin-A Distribution
are regulated coordinately by LIM homeodomain pro-in the Limb Mesenchyme by Lmx1b
teins. These transcription factors regulate LMC axonalIn mouse, Lmx1b is required for the fidelity of both me-
trajectory by defining the pattern of EphA4 expressiondial and lateral LMC axonal projections into the limb
by motor neurons and ephrin-A expression by limb mes-mesenchyme (Kania et al., 2000). We examined whether
enchymal cells. We discuss below how regulatory inter-the differential expression of net free ephrin-A protein
actions between LIM homeodomain proteins contributealong the dorsoventral axis of the limb mesenchyme is
to the allocation of the medial and lateral divisions ofregulated by Lmx1b. To assess this, we examined the
the LMC and how these transcription factors restrict theprofile of net free ephrin-A expression in the hindlimb
expression of EphA receptors and their ephrin-A ligandsof e11.5 wild-type and Lmx1b mouse mutant embryos
to functionally relevant domains.(Chen et al., 1998). In wild-type mouse embryos, as in
chick, expression of net free ephrin-A was markedly
concentrated in the ventral half of the limb mesenchyme Transcriptional Crossrepression and the
Emergence of LMC Divisional Identity(Figure 8A). In contrast, in Lmx1b mutants, the level of
net free ephrin-A in the dorsal limb mesenchyme was The emergence of the mediolateral divisions of the LMC
is marked by a mutual exclusion in the expression profileincreased to a level similar to that found in the ventral
mesenchyme (Figure 8B). We also examined ephrin-A5 of two LIM homeodomain transcription factors, Isl1 and
Lim1. Retinoids supplied by newly generated LMC neu-distribution in wild-type and Lmx1b mutant mouse limbs
at e11.5. In wild-type embryos, we observed a markedly rons appear to have a critical role in initiating the extinc-
tion of Isl1 expression and promoting the expression ofhigher level of ephrin-A5 expression in ventral than dor-
sal limb mesenchyme (Figure 8C; see also Swartz et al., Lim1 in prospective lateral LMC neurons (Sockanathan
and Jessell, 1998). Thus, the finding that lateral LMC2001), but in Lmx1b mutant embryos, a similarly high
level of ephrin-A5 expression was detected in both dor- neurons that lack Lim1 expression do not inevitably ac-
quire Isl1 expression (Kania et al., 2000) presumablysal and ventral limb mesenchyme (Figure 8D). Taken
together, these results suggest that Lmx1b controls the reflects the prior role of retinoid signaling in repressing
Isl1 expression. Nevertheless, our findings suggest thatdifferential distribution of ephrin-A proteins along the
dorsoventral axis of the limb mesenchyme. the distinct identities of these two subclasses of LMC
neurons are reinforced by crossrepressive interactionsWe also examined the distribution of net free EphA
proteins and of EphA4 in the hindlimb mesenchyme of between these two transcription factors. Moreover, the
Isl1-mediated repression of Lim1 expression in prospec-e11.5 wild-type and Lmx1b mutant embryos. In wild-
type mouse embryos, as in chick, we detected a higher tive lateral LMC neurons argues that the extinction of
Isl1 is a necessary step in the acquisition of lateral LMClevel of EphA protein in dorsal than in ventral limb mes-
enchyme (Figure 8E; see also Helmbacher et al. 2000), identity. Genetic studies to examine the role of Isl1 in
LMC neuronal specification have not been informative.whereas in Lmx1b mutants, very low levels of EphA
protein were detected in dorsal or ventral mesenchyme In constitutive Isl1 mutants, spinal motor neurons die
as they exit the cell cycle (Pfaff et al., 1996). Furthermore,(Figure 8F). In line with these observations, the high
level of EphA4 normally detected in dorsal mesenchyme even when motor neuron death is prevented by grafting
of Isl1 mutant spinal cord into chick embryos, mostexpression in wild-type embryos was absent in Lmx1b
mutants, with the consequence that both dorsal and motor neurons acquire V2 interneuron-like character
(A.K. and T.M.J., unpublished data), precluding an analy-ventral domains of the proximal limb mesenchyme ex-
pressed negligible levels of EphA4 (Figures 8G and 8H). sis of any later role of Isl1 in LMC specification. Taken
together, our findings suggest that the mutual crossre-These findings indicate that LIM homeodomain pro-
teins regulate the expression of EphA receptors on LMC pressive interactions of Lim1 and Isl1 serve to consoli-
date an early retinoid-mediated step in the diversifica-neurons and the level of ephrin-A protein along the dor-
soventral axis of the limb mesenchyme. Thus, one of tion of LMC neurons (Figure 9C).
The regulatory interactions of Lim1 and Isl1 evidentthe key outputs of LIM homeodomain proteins in the
control of motor neuron topographic projections ap- during LMC divisional specification adds to emerging
Neuron
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Figure 7. Lim1 and Isl1 Control EphA4 Expression in LMC Neurons
(A–C) Images of transverse sections through the ventral spinal cord of stage 26 embryos including both electroporated (right side) and
unelectroporated control (left side) LMC motor neurons outlined by dotted yellow ovals.
(A) Electroporation of LacZ: LacZ and EphA4 expression in HB9 LMC motor neurons. Images show the same section.
(B) Electroporation of Lim1::myc: Lim1::myc and EphA4 expression in HB9 LMC motor neurons. Images show the same section. Ectopic
expression of Lim1 does not obviously change the level of EphA4 expression by medial MMC neurons.
(C) Electroporation of Isl1::myc: Isl1::myc and EphA4 expression in HB9 LMC motor neurons. Images show the same section.
(D and E) Detection of Isl1/2, LacZ, and EphA4 expression in lumbar LMC neurons of Lim1tlz/ - wt (D) and Lim1tlz/tlz - wt (E) chimeric
e11.5 mouse embryos. Images show the same section. Yellow circles indicate the location of measurement of EphA4 levels on LMC neurons,
blue circles indicate the location of measurement of background EphA4 levels. Only one side of the spinal cord is shown. The ventral root is
adjacent to the yellow circle.
(F) Quantification of effects of LacZ, Lim1, Isl1 electroporation and Lim1 and Isl1 coelectroporation on EphA4 expression levels in the LMC
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Figure 8. Lmx1b Controls Ephrin-A and EphA Distribution and Expression
Images of e11.5 hindlimbs wild-type (A, C, E, and G) or mutant (B, D, F, and H) for Lmx1b paired with a pixel intensity quantification along
the red dotted line. arb U, arbitrary units; d, dorsal; v, ventral; blue line, approximate location of the dorsoventral boundary.
(A, B, E, and F) Inverted image of alkaline phosphatase activity detection reactions: light pixels indicate alkaline phosphatase activity.
(A and B) Detection of free ephrin-As by EphA3-AP binding.
(C and D) Detection of ephrin-A5 mRNA; inverted images.
(E and F) Detection of free EphAs.
(G and H) EphA4 expression.
Scale bar equals 100 m in all images. Distal is right, dorsal is up.
evidence that the determination of spinal motor neuron ron progenitor population within the ventral neural tube
is dependent on crossrepressive interactions betweenidentity is achieved by crossrepressive interactions be-
tween homeodomain transcription factors (Lee and pairs of transcription factors; notably Pax6 and Nkx2.2,
and Irx3 and Olig2 (Briscoe et al., 2000; Novitch et al.,Pfaff, 2001). The establishment of a defined motor neu-
measured at stages 26 and 29. EphA4 immunofluorescence levels were determined in electroporated LMC neurons and expressed as a
fraction of the EphA4 immunofluorescence levels in LMC motor neurons on the control side (e/u ratio) in at least 12 sections of 3 different
embryos.
(G) Quantification of effects of Lim1 mutation on EphA4 expression levels on LMC neurons measured at e11.5. EphA4 immunofluorescence
levels in LMC motor neurons (yellow circles in D and E) with EphA4 immunofluorescence levels within the dorsal spinal cord subtracted (blue
circles in D and E). Values are derived from at least 20 sections of 3 embryos.
(F and G) The single section values are plotted as standard box plots distributions with red lines representing the mean (for details, see
Supplemental Data at http://www.neuron.org/cgi/content/full/38/4/581/DC1). n.s., nonsignificant difference.
Scale bar equals 20 m in (A), (B), and (C) and 10 m in (D) and (E).
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Figure 9. Regulatory Interactions between LIM Homeodomain Proteins and Ephrin-A Signaling Establish Motor Neuron Topographic Projections
in the Developing Limb
(A) Patterns of expression of LIM homeodomain transcription factors in LMC motor neurons and the limb mesenchyme.
(B) Summary diagram of the distribution of EphA and ephrin-A proteins on LMC neurons and in the limb mesenchyme. The diagram also
depicts a putative Ephrin-A:EphA independent repellent guidance signal (X) expressed by the dorsal limb mesenchyme, and the expression
of a corresponding X receptor (Rx) on the axons of both medial and lateral LMC neurons. We note that, in principle, reverse signaling mediated
by EphA4 expression in the proximal dorsal limb mesenchyme to ephrin-A on motor axon could account for the X-Rx system signaling. This
is unlikely, however, since ephrin-A:EphA reverse signaling is normally associated with adhesive rather than repulsive interactions (Davy et
al., 1999). For further details, see text.
(C) Summary of regulatory circuitry involved in establishing the medial and lateral divisions of the LMC.
(D) Influence of Isl1 and Lim1 on neuronal settling position within the LMC. Lim1 function is not required for lateral settling under conditions
of Isl1 absence, suggesting that Lim1 overexpression promotes lateral settling position in large part by repressing Isl1 expression.
(E) Distinct contributions of Isl1 and Lim1 in the control of LMC axonal trajectory into the dorsal limb mesenchyme. Lim1 appears dominant
in directing dorsal axonal trajectory, whereas Isl1 promotes a ventral trajectory primarily through its ability to repress Lim1 expression. A
distinct pathway (solid black arrow) controls the selection of ventral axonal trajectory. Lim1 may also regulate the expression of this ventral
pathway, since in Lim1 mutant mice, the axons of lateral LMC neurons select dorsal and ventral trajectories at equal incidence (Kania et al.,
2000), and EphA4 mutant lateral LMC neurons presumably express Lim1 but project their axons into the ventral limb (Helmbacher et al., 2000).
(F) Influence of LIM homeodomain proteins on expression of EphA by motor neurons and ephrin-A by limb mesenchymal cells. Isl1 may
regulate EphA4 levels directly (dotted arrow) or by repressing Lim expression. For further details, see text.
2001). After motor neuron cell cycle exit, the divergence actions of Isl1 and Lim1 evident in postmitotic LMC
neurons also reflect direct transcriptional repression.of visceral and somatic motor neuron subtypes appears
to involve a Mnx homeodomain protein-mediated re-
pression of visceral motor neuron fates (William et al., Coordinate Control of Motor Neuron Settling
Position and Axonal Trajectory2003). Many of the transcription factors that participate
in these repressive interactions function as transcrip- by Lim1 and Isl1
The segregated expression of Isl1 and Lim1 by sub-tional repressors (Muhr et al., 2001; Novitch et al., 2001),
but it remains unclear whether the crossregulatory inter- classes of LMC neurons controls both the settling posi-
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tion of motor neurons within the LMC and the dorsoven- that ectopically express EphA4 project their axons along
a dorsal trajectory, an observation that complementstral trajectory of LMC axons as they enter the limb. Our
findings, however, provide evidence that the respective studies in Lim1 mutants where the axons of lateral LMC
neurons that lack Lim1 expression project into the ven-contributions of Isl1 and Lim1 differ for these two devel-
opmental processes. Motor neuron segregation into the tral limb mesenchyme (Kania et al., 2000). Thus, manipu-
lation of both LIM homeodomain and EphA proteinsmedial and lateral divisions of the LMC is clearly sensi-
tive to the expression of Isl1, since the ectopic expres- permits the separation of motor neuron settling position
from motor axon pathway choice. Other recent studiession of Isl1 promotes medial settling. A prior analysis
of motor neuron differentiation in Lim1 mutant mouse have shown that manipulation of EphA receptor levels
in retinal ganglion neurons alters their topographic pro-embryos further indicates that the absence of both Isl1
and Lim1 permits a lateral settling position (Kania et al., jections into the superior colliculus, without affecting
cell body position in the retina (Brown et al., 2000). The2000). These two findings suggest that Lim1 specifies
a lateral settling position primarily by ensuring the ab- dorsal trajectory of normal lateral LMC axons, and of
medial LMC axons that express EphA4, is likely to besence of Isl1 expression. Nevertheless, forced coex-
pression of Lim1 and Isl1 impairs the medial settling linked to the ventral restriction of net free ephrin-A within
the limb mesenchyme. Thus, EphA4-mediated motorposition promoted by Isl1 alone, arguing for some contri-
bution of Lim1 in the selection of mediolateral settling axon guidance is likely to occur through a repulsive
mechanism.position (Figure 9D).
In contrast, several lines of evidence indicate that the
actions of Lim1 dominate over those of Isl1 during the LIM Homeodomain Proteins Coordinate EphA4
selection of dorsoventral motor axon trajectory (Figure and Ephrin-A Expression
9E). First, the expression of Lim1 in LMC neurons is Our findings also show that the segregated expression
sufficient to direct most motor axons into the dorsal of Isl1 and Lim1 participates in the control of EphA4
limb mesenchyme, even under conditions of persistent expression levels by LMC neurons (Figure 9F). Isl1 ex-
Isl1 expression. Second, the loss of Lim1 function in pression reduces and Lim1 expression elevates the level
mouse lateral LMC neurons switches their normally in- of EphA4 protein expression in individual LMC neurons
variant dorsal axonal trajectory to an apparently random by4-fold, a quantitative change that exceeds the nor-
dorsoventral choice. Third, the extent to which a ventral mal (2.5-fold) difference in protein expression levels
axonal trajectory is adopted after Isl1 expression in pro- on lateral and medial LMC neurons. In addition, the level
spective lateral LMC neurons in chick is consistent with of EphA4 expression by LMC neurons that lack Lim1
a randomization of axonal trajectory associated with expression is reduced by3.5-fold. Moreover, the anal-
repression of Lim1 expression, rather than with a direct ysis of EphA4 levels on the axons of LMC neurons re-
influence of Isl1 in promoting a ventral axonal trajectory veals an 8-fold differential in EphA4 expression, sug-
(Figure 9E). Thus, Lim1 appears to be a critical LIM gesting that differences in EphA4 expression detected
homeodomain determinant in directing the dorsoventral on the cell bodies of LMC neurons may underestimate
trajectory of LMC axons. the disparity in levels on axons and growth cones, pre-
sumably the site of EphA4 function in the control of
axonal trajectory.EphA4 and Ephrin-A Proteins Regulate Motor
Axon Trajectory but not Motor Neuron The functional link between LIM homeodomain pro-
teins and the regulation of EphA4 signaling that emergesSettling Patterns
One major finding of these studies is that the ephrin- from the analysis of the level of EphA4 expression by
motor neurons is complemented by the detection of aA:EphA signaling system is a target of LIM homeodo-
main proteins in the regulation of motor neuron topogra- marked increase in net free ephrin-A levels in the dorsal
limb mesenchyme in Lmx1b mutants (Figure 9F). As aphy. Our data provide evidence that the differential ex-
pression of EphA4 by medial and lateral LMC neurons consequence, the dorsal mesenchyme acquires a level
of net free ephrin-A normally found in the ventral limb.contributes to the establishment of motor neuron topo-
graphic projections through the regulation of motor axon The randomization in the axonal trajectory of both me-
dial and lateral LMC axons observed in Lmx1b mutantstrajectory. Ectopic expression of EphA4 in medial LMC
neurons does not change their LIM homeodomain pro- (Kania et al., 2000) is likely, therefore, to reflect a deregu-
lation in the distribution of free ephrin-A.tein status, but effectively redirects their axons along a
dorsal trajectory. This influence of EphA4 on motor axon The dorsoventral change in ephrin-A distribution ap-
pears to be achieved, in part, through the repression oftrajectory is consistent with findings of Eberhart et al.
(2002). The competence of medial LMC axons to alter ephrin-A gene expression, since expression of ephrin-
A5 is detected in the dorsal limb mesenchyme of Lmx1btheir trajectory in response to EphA4 expression further
implies that the molecular machinery necessary for mutants. EphA4 is also expressed in mesenchymal cells
in the proximal dorsal domain of the limb, and our stud-EphA4 signaling is present within medial as well as lat-
eral LMC neurons. In contrast, the segregation of LMC ies of Lmx1b mutants reveal a decrease in EphA4 protein
expression and EphA ligand binding within the dorsalneurons into medial and lateral domains is not altered
by EphA4 expression. This finding suggests that LIM mesenchyme. Thus, the loss of EphA proteins in Lmx1b
mutants may unmask ephrin-A ligands in the proximalhomeodomain proteins control motor neuron settling
through effector proteins that are not members of the limb mesenchyme, a mechanism proposed by Helm-
bacher et al. (2000). The finding that lateral LMC axonsEphA or ephrin-A protein families.
It is notable that the medially located LMC neurons exhibit no dorsoventral preference in the limb mesen-
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chyme of Lmx1b mutants further suggests that the nor- al., 2002; Sharma et al., 1998, 2000; Tanabe et al., 1998),
but the relevant effectors for these steps in motor axonmal selection of a dorsal trajectory is achieved through
the confrontation of lateral LMC axons with the choice guidance have not been defined. Identifying additional
targets for transcriptional factors implicated in the selec-of a permissive dorsal or an aversive ventral environ-
ment. This context dependence of pathway choice is tion of motor axon trajectory should help to resolve
whether coincident profiles of transcription factor andconsistent with observations in the retinotectal system,
where temporal retinal axons avoid posterior tectal target effector expression are a rule or an exception in
the assembly of circuits in the vertebrate CNS.membranes only when given a choice of tectal mem-
branes (Walter et al., 1987a, 1987b).
Experimental Procedures
An Ephrin-A-Independent Mechanism in the
Chick and Mouse Embryo PreparationSelection of Ventral Axonal Trajectory?
Chick eggs (Spafas, Truslow Farms) were incubated and stagedEphA4 signaling appears to be a major determinant of
(Hamburger and Hamilton, 1951). The genotype of mouse embryos
the dorsal trajectory of lateral LMC neurons, but two sets was determined as described (Chen et al., 1998; Kania et al., 2000).
of findings suggest that a distinct guidance mechanism
directs the ventral trajectory of medial LMC neurons
In Ovo Electroporation
(Figure 9B). First, medial LMC axons express low or In ovo electroporation (Momose et al., 1999) of expression plasmids
negligible levels of EphA4, yet faithfully select a ventral was performed at stage 18. Electroporation frequencies varied be-
trajectory. Second, in certain genetic backgrounds, the tween 5% and 30% of LMC neurons electroporated, depending on
the construct used and DNA concentration. For details on expres-loss of EphA4 function in mice prevents the dorsal tra-
sion constructs, see Supplemental Data at http://www.neuron.org/jectory of lateral LMC axons but does not randomize
cgi/content/full/38/4/581/DC1.the dorsoventral axonal trajectory (Helmbacher et al.,
2000). Rather, many or all lateral LMC axons appear to
Immunohistochemistry and In Situselect a ventral trajectory. These findings can best be
Hybridization Histochemistryexplained by invoking the existence of an EphA4-inde-
Protocols for immunocytochemistry and in situ hybridization have
pendent signaling system that ensures the ventral tra- been described previously. For details, see Supplemental Data
jectory of wild-type medial LMC axons and of lateral online.
LMC axons in EphA4 mutants. One model consistent
with current findings is that the EphA4-independent sys- Quantification of GFP-Labeled Axonal Projections
tem involves a repulsive ligand (X) expressed by the and EphA4 Protein Levels
To quantitate axonal projections, cryostat transverse limb sectionsdorsal limb mesenchyme and a receptor (Rx) that is
were incubated with an anti-GFP antibody (Molecular Probes) andexpressed by both lateral and medial LMC neurons (Fig-
a FITC-conjugated secondary antibody (Jackson Labs) and quanti-ure 9B). Thus, for normal medial LMC neurons as well
fied as in Kania et al. (2000); the number of GFP pixels in dorsalas for lateral LMC neurons that lack EphA4, the dorsal
and ventral limb mesenchyme was based on the entire series of
limb restriction of X expression ensures a faithful ventral limb section images. To quantitate EphA4 protein levels, average
limb trajectory. This view also predicts that in the pres- pixel intensity of LMC neurons in unsaturated confocal images was
determined using Image Pro software (Media Cybernetics). Threeence of EphA4 signaling, the X-Rx system will be subor-
readings were performed for each LMC domain, and the mean back-dinate, leading to the selection of a dorsal trajectory.
ground reading from an EphA4 nonexpressing area of the sectionThe randomization of LMC axonal choice observed in
was subtracted. Axonal EphA4 protein levels on dorsal and ventralLim1 mutants further suggests that Lim1 controls the
axons at base of the limb were determined by measuring average
perception of mesenchymal ligands for both the ephrin-A pixel intensity of unsaturated confocal microscope images using
and the X-mediated guidance systems. Image Pro software (Media Cybernetics).
Congruence of Transcription Factors and Their Retrograde Labeling of Motor Neurons
Target Effectors in the Formation Retrograde labeling of motor neurons after HRP injection into the
dorsal or ventral shank hindlimb muscle of stage 29 embryos wasof Topographic Projections
performed as described (Lin et al., 1998) with 20% HRP (Sigma) andThe identification of the ephrin-A signaling system as a
1% lysolecithin (Sigma) in PBS solution.relevant target of LIM homeodomain protein expression
provides an insight into the link between the transcrip-
Chimera Generationtional control of axonal guidance and the expression
Chimeric mouse embryos were obtained as described previouslyof target effector proteins. Most notably, the present
(Kania et al., 2000).
findings reveal that restrictions in the pattern of expres-
sion of LIM homeodomain proteins are reflected faith-
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